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We present a novel high resolution contactless technique for thermal conductivity determination and thermal
field mapping based on creating a thermal distribution of phonons using a heating laser, while a second laser
probes the local temperature through the spectral position of a Raman active mode. The spatial resolution can
be as small as 300 nm, whereas its temperature accuracy is ±2 K. We validate this technique investigating
the thermal properties of three free-standing single crystalline Si membranes with thickness of 250, 1000, and
2000 nm. We show that for 2-dimensional materials such as free-standing membranes or thin films, and for
small temperature gradients, the thermal field decays as T (r) ∝ ln(r) in the diffusive limit. The case of large
temperature gradients within the membranes leads to an exponential decay of the thermal field, T ∝ exp[−A ·
ln(r)]. The results demonstrate the full potential of this new contactless method for quantitative determination
of thermal properties. The range of materials to which this method is applicable reaches far beyond the here
demonstrated case of Si, as the only requirement is the presence of a Raman active mode.
PACS numbers: 65.40.-b, 63.22.-m, 74.25.nd, 66.30.Xj, 68.65.-k
I. INTRODUCTION
A precise determination of the thermal conductivity (κ) of
a given material is usually a difficult task since the heat per
unit time flowing in a certain spatial direction (Q ≡ Pabs)
must be precisely determined. Contrary to the analogous
case of electrons (or holes) propagating in a metal, where the
electrical current can be easily measured using galvanome-
ter through the magnetic field created by the current, there is
no direct method to measure heat currents. Instead, the heat
flux per unit time is usually inferred considering the geome-
try of the system and the excitation source, the temperature
gradient (∆T ) is measured in the heat flow direction and, fi-
nally, the thermal conductivity is obtained through Fourier’s
law (κ = Pabs/∆T ). Several electrical and optical techniques
have been developed to measure the thermal conductivity of
a large variety of materials and structures.1–13 Optical meth-
ods have recently attracted considerable attention since most
of them are contactless and, thus, require few sample prepara-
tion. Such techniques can be divided into two main categories:
i) steady-state techniques,3–8 and ii) transient techniques.9–13
An advantage of transient techniques is that they do not re-
quire the knowledge of the absorbed power in the sample since
they are only sensitive to the thermal diffusivity, α = κ/ρCp
(where ρ is the density and Cp the specific heat), which is usu-
ally proportional to a characteristic decay time of the system.
On the contrary, steady-state techniques provide a direct deter-
mination of the thermal conductivity provided that the power
absorbed in the sample is known. Depending on the materials
and structures under investigation either of these approaches
might be more convenient.
Here we present a novel high resolution contactless tech-
nique suitable for thermal conductivity determination and
thermal mapping of 1- and 2-dimensional structures provided
that the samples exhibit a detectable Raman signal of any of
its active modes, and a sufficiently large spectral shift as func-
tion of temperature. The thermal conductivity is obtained by
fitting the spatial decay of the thermal field using a diffusive
model based on Fourier’s law. We provide the solution of
the 2-dimensional steady-state heat equation for an isotropic
medium for the cases where the thermal conductivity is con-
stant (κ0) or varies with temperature (κ(T )). The thermal prop-
erties of three free-standing Si membranes with thicknesses of
250, 1000, and 2000 nm were studied to validate the present
approach.
II. DESCRIPTION OF THE TECHNIQUE: TWO-LASER
RAMAN THERMOMETRY
We have developed a contactless technique suitable to mea-
sure the thermal conductivity of nanowires, free-standing
membranes, thin films on a given substrate, and bulk samples.
This technique is based on previous works5,14–19 which used
the temperature dependent Raman spectra of a given material
to obtain its thermal conductivity (commonly known as Ra-
man thermometry). Briefly, the temperature rise (Tmax) at the
focused laser spot, which depends on the incident laser power,
is obtained from the spectral position of any Raman mode,
provided that a previous calibration of the Raman shift with
temperature has been made. Subsequently, the steady-state
heat equation is solved analytically or numerically, depending
on the geometry and dimensionality of the problem, to obtain
the relationship between κ, Tmax, and the absorbed power on
the sample (Pabs). The main drawback of this technique is that
only one point of the temperature field is probed to determine
κ since the heating and the probe lasers are the same. We re-
call that for the case of diffusive thermal transport at least two
points are required to obtain the temperature field and, thus, κ.
To fulfill this requirement an assumption must be made, i.e. at
sufficiently large distances from the laser spot the temperature
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FIG. 1: (a) Schematics of the Two-Laser Raman Thermometry exper-
imental setup. To lower laser is used as heating source, whereas the
upper laser probes the local temperature through the spectral shift of
the longitudinal optical Raman mode of Si. (b) 2-dimensional ther-
mal map of a 250 nm thick free-standing Si membrane. A projection
of the thermal field is also shown in a lower plane.
equals that of the thermal bath (Tbath). Thus, the two points
required to obtain the temperature field are: {T = Tmax; r = 0}
and {T = Tbath; r→ ∞}. Although in some cases this approx-
imation is valid such as, e.g., in the case of bulk samples, in
most cases it fails leading to a inaccurate determination of κ.
The Two-Laser Raman Thermometry (2LRT) technique
overcomes this drawback by mapping with a low power probe
laser the entire thermal field temperature distribution created
by a high power laser impinging on the sample. In order to
apply this technique, the material under investigation ought to
meet the following requirements:
• Temperature Sensor. A Raman active mode must be
detectable in order to probe the local temperature. This
mode will ideally exhibit a strong temperature depen-
dence (∂ω/∂T ) to be a good temperature sensor. A cal-
ibration of the Raman shift versus temperature must be
known in advance.
• Excitation Source. The sample should have a reason-
able absorbance in the spectral region of the heating
laser to set up the temperature distribution. The ab-
sorbed power (Pabs) needs to be determined for each
experimental conditions.
• Dimensionality. The sample must be of 1- or 2-
dimensions with lateral size larger than the optical res-
olution (≈ 300 nm). It is also possible to study 3-
dimensional structures provided that the heat distribu-
tion has a spherical symmetry with respect to the heat-
ing laser spot.
The main advantage of this technique as compared to other
contactless steady-state methods, such as infrared thermom-
etry, is its sub-micrometer spatial resolution. Techniques
based on scanning probes such as Scanning Thermal Mi-
croscopy (SThM), or Infrared Near Field Scanning Optical
Microscopy (IR-NSOM) also provide high spatial resolution,
but their main drawback is the rather cumbersome tip cali-
bration. On the other hand, time-resolved techniques such as
Time-Domain Thermoreflectance (TDTR) or Thermal Tran-
sient Grating (TTG) only give indirect access to κ through
the thermal diffusivity (α = κ/ρCP). In particular, we men-
tion a recent work by Schmotz et al.3 where the authors mea-
sure temperature maps of a Si membrane by tracking the
local change in the absorption coefficient, which exhibit a
Fabry-Pe´rot interference behavior due to the sub-wavelength
thickness of the membranes. Although this technique is ex-
tremely accurate regarding temperature determination accu-
rate (δT < 1 mK), it is limited to semitransparent samples,
thin enough to produce an interference pattern. The Two-
Laser Raman Thermometry technique reported here is per-
haps a more general approach since it is based on the Raman
effect, which is determined by atomic vibrations within a unit
cell.
In Fig. 1a we show schematically the 2LRT experimental
arrangement. A heating laser with λ1=405 nm is focused onto
the lower surface of the Si membranes, whereas a probe laser
with λ2=488 nm is scanned over its upper surface to obtain
the local temperature. We note that while relatively high pow-
ers were used for the heating laser (λ1) in order to create a
spatially dependent thermal field, low powers were employed
for the probe laser (λ2) to avoid an additional thermal pertur-
bation. We typically used a 10:1 ratio between the heating
and probe laser powers. Both lasers are focused onto the sam-
ples using long distance 50x objectives with numerical aper-
ture of NA=0.55. Although these objectives provide lower
spatial resolution than short distances objectives, with typi-
cally NA≥0.7, they allow to perform the thermal maps in a
controlled environment or under variable temperature condi-
tions. Figure 1b displays a 2-dimensional (2D) temperature
map of a 250 nm thick Si membrane obtained using 2LRT.
The maximum temperature at the center, i.e. with the heat-
ing and probe lasers at the same position of the membrane, is
≈800 K and a radially symmetric thermal decay is observed
in a constant temperature projection plane. The radial sym-
metry observed in the 2D maps arises from the isotropic ther-
mal behavior of Si at room temperature.20 However, for ma-
terials with a spatially-dependent thermal conductivity (κi j),
an asymmetric thermal decay is expected. The symmetric
heat distribution observed in Fig. 1 justifies the assumption
made to derive Eqs. 1 and 2 and reduces the measurement
to only one line scan on the (X,Y, 0) plane containing the ori-
gin (X,Y,Z) = (0, 0, 0). It is noteworthy that the temperature
field does not fully decay to the thermal bath temperature of
294 K, and instead reaches only ≈400 K at 150 µm from the
heating laser. The origin of this slow thermal decay is the rel-
atively high thermal conductivity of this membrane, as well
as the purely diffusive thermal transport regime. As shown
by Eq. 1, or simply by Fourier’s law, a larger thermal con-
ductivity implies that heat distributes more efficiently through
the material, thus leading to smaller temperature gradients.
We note that a ballistic transport regime would account for a
faster thermal decay as shown in Refs. [26,27].
Taking into account the geometry of the measurements in
Fig. 1 we derive the analytical solution for the temperature
field in the case of a free-standing isotropic membrane. A tem-
perature distribution is created upon excitation with a point
like laser source as shown in Fig. 1. The solution is sim-
ply given by integrating Fourier’s equation: Pabs/A = −κ∇T ,
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FIG. 2: (a) Representative Raman spectra recorded at different dis-
tances (r) from the heating laser. The solid lines are least squares fits
using Lorentzian functions. (b) Calibration of the Raman shift versus
temperature. The blue dots were extracted from Ref. 21
where Pabs is the power injected in the system, A is the cross
sectional area of the heat flux, κ is the thermal conductivity,
and T is the temperature. The cross sectional area depends on
the geometry of the heat flux and is A = 2pird for free-standing
thin membranes with a point-like heating source, where d is
the thickness of the membrane.
T (r) = T0 − Pabs2pidκ0 ln(r/r0) → κ = κ0 (1)
T (r) = T0
(
r
r0
)−Pabs/2pida
→ κ = a
T
(2)
where we have considered a temperature independent thermal
conductivity (κ0) as well as a 1/T behavior (κ(T )), which is
typical for most semiconductors at high temperatures.25 The
constant a can be simply written as a = 294 · κ(T = 294). We
note that the spatial distribution of the heat source, i.e. a Gaus-
sian heat source, can be considered as P =
∫
spot P|r − r′|dr′,
but we avoid this approach since it does not provide any ben-
efits and obscures the simplicity of equations 1 and 2. In the
present case of Si use as thermometer the temperature depen-
dent Raman shift of the zone center longitudinal optical (LO)
phonon at ω0 = 520 cm−1 (at 300 K). Fig. 2a shows typi-
cal Raman spectra of the 250 nm thick membrane at different
relative positions between the heating and probe lasers. We re-
call that typically first order Raman modes in semiconductors
exhibit a redshift with increasing temperatures with tempera-
ture coefficients ranging between 20 and 65 K/cm−1.21–24 The
Si LO peak gradually redshifts and broadens as the position
of the probe laser is closer to the heating laser, i.e. smaller
values of r, indicating an increase of the local temperature.
The accuracy of the temperature determination is given by the
spectral resolution. In our case, the resolving power of the
spectrometer used is about 0.4 cm−1 whereas the spectral res-
olution resulting from fits to the spectra using a Lorentzian
function is 0.05 cm−1. In Fig. 2b we show the calibration be-
tween Raman shift and temperature as obtained using a cryo-
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FIG. 3: (a) Line scans of the thermal field as shown in Fig. 1b.
The line scan was recorded using a lower heating power than for the
2D map in Fig. 1b to ensure that κ , κ(T ). The inset shows an
optical image of the 250 nm thick membrane. (b) Same as (a) but
in logarithmic scale to visualize the ln(r) dependence as predicted
by Eq. 1. The inset shows the normalized temperature rise, Trise =
T (r)−294 K for the three membranes.
stat to control the bath temperature as well as the data from
Ref. 21. A linear relation is found between 200 and 800 K
with a slope dT/dRS = −46(1) K/cm−1, which leads to a tem-
perature accuracy of ±2 K considering the spectral resolution.
The temperature regime T < 150 K was also fitted using a
linear function obtaining dT/dRS = −174(12) K/cm−1.
III. RESULTS AND DISCUSSION
In order to obtain the thermal conductivity of the mem-
branes we measured a line scan of the thermal field in the
(X,Y, 0) plane containing the coordinates origin as shown in
Fig. 3a for three Si membranes with thicknesses of 250, 1000,
and 2000 nm. The membranes were single crystalline with a
surface roughness Ra=0.2 nm and RMS=0.15 nm, and were
purchased from NORCADA Inc. The inset shows an optical
image of the 250 nm thick membrane. All three membranes
exhibit a qualitatively similar behavior, i.e. a similar decay
length and half width of the thermal field profile. We note
that the minimum temperature obtained in these maps is also
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FIG. 4: (a) Thermal line scans using the different heating powers for
the 250 nm thick membrane. (b) Same as (a) but in logarithmic scale
to observe the deviation from the T ∝ ln(r) behavior given by Eq. 1.
above the thermal bath temperature, reaching ≈330 K at 150
µm in comparison to the ≈400 K obtained in the 2D thermal
map of Fig. 1b, which arises from the smaller heating pow-
ers used for the line scans of Fig. 3. This is also reflected in
the maximum temperature rise observed at the central posi-
tion of the line scans. According to Eq. 1 the thermal decay
is linear in ln(r), thus, we show in Fig. 3b the data corre-
sponding to Fig. 3a in logarithmic scale. As predicted by
Eq. 1 the thermal field decays linearly with a slope given
by ∂T (r)/∂ln(r) = Pabs/2pidκ0. The different slopes in Fig.
3b simply result from different combinations of Pabs, d, and
κ0 with no scaling law involving d or κ0. In fact, normaliza-
tion of the temperature rise, Trise = T (r) − Tbath = T (r)−294
K, results in equal slopes for the three membranes as pre-
dicted by Eq. 1 (see inset of Fig. 3b). Finally, using Eq. 1
we calculate the thermal conductivity of each membrane ob-
tained from the slopes fitted to the data in Fig. 3b. We obtain
κ = 80 ± 3, 133 ± 6, 147 ± 8 W/mK for the 250, 1000, and
2000 nm thick membranes, respectively, which are in excel-
lent agreement with the results reported in Refs. [16,28–31].
The influence of a temperature dependent thermal conduc-
tivity on the line shape of the thermal field is given by Eq. 2.
The typical temperature dependence of the thermal conductiv-
ity for most semiconductors at high temperatures (T > 200 K)
is κ(T ) = a/T n, where a is a material dependent constant and
n is usually close to 1. Herein, we assume the case n = 1 for
simplicity since our main purpose is to show the effect of tem-
perature on the decay of the thermal field. Figure 4 displays
several line scans using different heating powers for the 250
nm thick membrane. The maximum temperature rise gradu-
ally increases with increasing heating power as predicted by
Eq. 1 and 2. Once more, a qualitatively similar line width
and decay of the thermal field profile as function the heating
power is observed in Fig. 4a. However, a detailed analysis of
the thermal decay exposes the dependence predicted by Eq.
2 as we show in Fig. 4b. We recall that in logarithmic scale
and for low heating powers, i.e. κ = κ0 , κ(T ), the ther-
mal field decays as T ∝ ln(r) as shown by Eq. 1, whereas
considering κ(T ) = a/T , an exponential dependence on dis-
tance T ∝ exp[−A · ln(r)] is expected. In fact, this is clearly
observed in Fig. 4b with increasing heating power. The ther-
mal field gradually deviates from a straight line in logarithmic
scale, ln(r), towards an exponential behavior. In this case, it is
still possible to determine the thermal conductivity using Eq.
2 although the error increases substantially due to the small
curvature (A = Pabs/2pida) of the thermal decay. Although a
clear deviation from a linear behavior is observed as the heat-
ing power increases, this effect is negligible at low heating
powers and the thermal decay can be fully explained using
Eq. 1.
The main potential of the technique reported here is demon-
strated in Figs. 3 and 4. The determination of the thermal con-
ductivity reduces simply a fit to a straight line in logarithmic
scale at low heating powers, which substantially reduces the
error. In addition, assuming that the functional dependence of
the thermal conductivity on temperature is known, the ther-
mal conductivity can be determined over a wide temperature
range. This technique is suitable to investigate a large variety
of materials given that they exhibit appreciable Raman signal.
In addition to 1- and 2-dimensional materials it is also possi-
ble to extend it to the 3-dimensional case provided a spheri-
cal symmetry around the heating spot is maintained. Further-
more, this technique can be extended to the case of thin films
supported on substrates, although a numerical analysis may
be necessary to solve the heat equation.
IV. CONCLUSIONS
We have developed a novel high resolution contactless tech-
nique for thermal conductivity determination and thermal field
mapping based on the concept of Raman thermometry. A two-
laser approach is used to create and probe the spatial decay
of the thermal field from which the thermal conductivity is
extracted. This technique is suitable to investigate the tem-
perature distribution in 1- and 2-dimensional structures, and it
can be extended to 3-dimensions for surface temperature map-
ping. The temperature resolution depends on the investigated
material and it is ±2 K for Si, whereas its spatial resolution is
diffraction limited and can be as low as 300 nm.
5The simplest solution for the temperature distribution in
the isotropic 2-dimensional case with a temperature indepen-
dent thermal conductivity is shown to be T (r) ∝ ln(r), and
∂T (r)/∂ln(r) = −Pabs/2pidκ0. Thus, the thermal conductiv-
ity can be determined by fitting the slope of the spatial decay
of the thermal field. More sophisticated models considering
κ(T ) are possible leading to an exponential decay of the tem-
perature field T (r) ∝ exp[−A · ln(r)] and were experimentally
demonstrated heating the membranes up to 800 K.
Finally, we describe the conditions that must be fulfilled
by the sample under investigation in order to apply this
technique. This technique should provide an extra step to-
wards a deeper understanding of thermal management in n-
dimensional materials since it gives the complete thermal re-
sponse of a system, T (r), subjected to a thermal perturbation.
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